The core of bluetongue virus (BTV) is a multienzyme complex composed of two major proteins (VP7 and VP3) and three minor proteins (VP1, VP4, and VP6) in addition to the viral genome. The core is transcriptionally active and produces capped mRNA from which all BTV proteins are translated, but the relative role of each core component in the overall reaction process remains unclear. Previously we showed that the 76-kDa VP4 protein possesses guanylyltransferase activity, a necessary part of the RNA capping reaction. Here, through the use of highly purified (>95%) VP4 and synthetic core-like particles containing VP4, we have investigated the extent to which this protein is also responsible for other activities associated with cap formation. We show that VP4 catalyzes the conversion of unmethylated GpppG or in vitro-produced uncapped BTV RNA transcripts to m 7 GpppGm in the presence of S-adenosyl-L-methionine. Analysis of the methylated products of the reaction by HPLC identified both methyltransferase type 1 and type 2 activities associated with VP4, demonstrating that the complete BTV capping reaction is associated with this one protein.
phate residue from the nascent RNA. In step 2, the guanylyltransferase enzyme, responsible for guanylation, covalently binds GMP through the action of a nucleotide phosphohydrolase. In step 3, this enzyme-GMP complex transfers GMP to the diphosphate at the 5Ј terminus of the substrate RNA and as a consequence, the GMP caps the RNA via a 5Ј-5Ј-triphosphate linkage. In step 4, the cap structure is methylated by transfer of a methyl group from AdoMet to position 7 of the terminal guanosine, yielding a cap 0 structure and releasing AdoHcy. Frequently (step 5), a methyltransferase enzyme may also transfer the methyl group from the AdoMet substrate to the 2Ј-hydroxyl group of the ribose of the first (N1) or first and second (N1 and N2) nucleotides, forming type 1 and type 2 cap structures, respectively (16, 17) .
Viruses within the family Reoviridae, such as reovirus and bluetongue virus (BTV), contain double-stranded, segmented RNA genomes in which both the ''plus'' sense RNAs and the intracellular mRNA species are capped. BTV has seven structural proteins (VP1-VP7) organized into two capsid layers. The inner capsid, or ''core,'' contains five proteins (VP1, VP3, VP4, VP6, and VP7). Cores are transcriptionally active, producing capped and methylated full-length mRNA copies for each of the 10 genomic segments (18) . Like many eukaryotic viral and cellular mRNAs, the BTV mRNAs possess cap 1 structures (18) . VP1 is thought to be an RNA polymerase and VP6 an RNA helicase (19, 20) . Previously, we showed that the VP4 core protein possesses a guanylyltransferase activity (21) . Whether VP4 is involved in other aspects of the capping process is not known. In vitro, VP4 binds ribonucleotides and deoxyribonucleotides and exhibits an NTPase activity (22) . However, binding is inhibited by the presence of a methyl donor (AdoMet), leading to the suggestion that VP4 may have methyltransferase activity (18) .
Here, using VP4 either as a purified recombinant protein alone or assembled into recombinant core-like particles (CLPs; ref. 23) , we show that VP4 catalyzes two methyltransferase activities. VP4 transfers a methyl group from AdoMet to position 7 of the guanosine capping residue at the 5Ј terminus of RNA analogues, but it also catalyzes the methylation of the ribose of the penultimate 5Ј-terminal nucleotide. The significance of the association of these activities with a single viral protein is discussed.
MATERIALS AND METHODS
Viruses and Cells. Spodoptera frugiperda cells (Sf9) were grown in TC100 medium (GIBCO͞BRL) supplemented with 10% (vol͞vol) fetal calf serum. The cells were grown as suspension or monolayer cultures at 28°C. Recombinant Autographa californica nuclear polyhedrosis viruses (AcNPV) expressing either VP4 of BTV serotype 10 (AcBTV10.4) or VP3 (AcBTV10.3) or VP7 (AcBTV 10.7) were propagated in suspension culture as described (23) .
Purification of Proteins. BTV recombinant protein VP4 and CLPs containing VP3, VP7, and VP4 were purified from recombinant AcNPV-infected Sf9 cells as described (23, 24) . The presence of the BTV proteins in the derived CLPs was confirmed after their purification by sucrose velocity gradient centrifugation, SDS͞PAGE, and Western blot analyses using BTV10 polyclonal antibodies.
Methyltransferase 6 mM DTT, and 15 g of purified VP4 or 30 g of purified CLPs with (or without) VP4 in 100 l. After incubation at 30°C for 2 hr, the reaction mixtures were treated with 2 g of proteinase K. The mixture was incubated at 37°C for 30 min, and the proteinase K was heat-inactivated by incubation at 70°C for 10 min. After phenol extraction, the products were precipitated with 9 vol of cold ethanol; 10 l of 100 mM GTP was used as carrier for precipitation.
Preparation of in Vitro Transcripts Containing 5-Terminal Triphosphates. RNA transcripts representing exact copies of BTV segment 5 were prepared through in vitro transcription of plasmid pEc-10B 5 -H␦ DNA, which contains a full-length cDNA copy of BTV segment 5 cloned into pUC119 and flanked by an upstream T7 promoter and a downstream hepatitis ␦ ribozyme. T7 transcription was done using the RiboMAX large-scale transcription kit (Promega) under conditions indicated by the vendor with the following modifications: each transcription reaction contained the supplied buffer, 4 mM each NTP, 1-2 g of DNA, and 2 l of the supplied enzyme mix in a 20-l final volume. The reactions were incubated at 37°C for 3 hr. Two units of RNase-free DNase was added, and the incubation continued for 15 min at 37°C. After extraction with phenol͞chloroform, the RNA was passed through a G25 spin column (Pharmacia) to remove unincorporated NTPs and quantified by spectophotometry.
Guanylyltransferase Assays Using [␣-32 P]GTP. Standard reaction mixtures (100 l) contained 50 mM Tris⅐HCl (pH 7.5), 9 mM MgCl 2 , 6 mM DTT, 10 M AdoMet, 6 M [␣-32 P]GTP (400 Ci͞mmol), 0.5-1.5 A 260 units of BTV M5 RNA transcripts as acceptor, and 15 g of purified VP4 or 30 g of purified CLPs with or without VP4. After incubation at 30°C for 2 hr, RNA was extracted as described above and digested with 10 g of nuclease P1 in 15 l of 20 mM sodium acetate (pH 5.5) for 60 min at 37°C.
Separation and Identification of Nucleotide Products by Using HPLC. The purified products from the capping reactions were analyzed by HPLC on a Beckman BioSys 510 using a SAX 5 ion-exchange column (Phenomenex, Belmont, CA). Products bound the column in 4 mM potassium phosphate buffer (pH 5.5) and were eluted with a salt gradient of 0.04-0.5 M of the same buffer at a flow rate of 1 ml͞min. The column was precalibrated by using unlabeled methylated and nonmethylated nucleotides m 7 GpppG and m 7 GpppGm as well as m 7 GTP, m 7 GDP, m 7 GMP, GTP, GDP, and GMP (Sigma) under the same conditions. Eluants were collected and counted to determine the distribution of radioactivity. The results were plotted against time, and the identity of the radiolabeled peaks was established by comparison with the unlabeled markers run under identical conditions.
Pyrophosphatase Treatment of Cap Structures. An aliquot of the cap structure product synthesized in vitro by VP4 was incubated with 10 units of tobacco acid pyrophosphatase (TAP) in 100 l of buffer supplied by the manufacturer (Epicentre Technologies, Madison, WI). The digested product was then precipitated with 10 vol of cold ethanol in the presence of unlabeled carrier GTP and analyzed using HPLC as described above.
RESULTS

VP4 Protein Has Guanine-7-Methyltransferase Activity.
Certain viruses have guanylyltransferase and methyltransferase activities encoded by a single viral protein (25) . In our previous report, we showed that both genomic doublestranded RNA and mRNA synthesized by virus cores in vitro have 5Ј-terminal cap (m 7 GpppGm) structures (18) . Recently, we documented a guanylyltransferase activity associated with BTV core protein VP4 (26) . Because guanylation of mRNA is usually followed by methylation, it was possible that VP4 may also possess a methyltransferase activity. To examine this possibility, purified, soluble VP4 was used in an in vitro assay to investigate whether it catalyzed the transfer of a donor methyl group Ado[methyl-3 H]Met to an unmethylated cap analogue (GpppG). Reaction products were fractionated by ion-exchange chromatography, and the presence of the label as determined by the radioactivity associated with each fraction. A 30-min reaction led to most of the label coeluting with m 7 GpppG (Fig. 1A) , whereas reactions in which VP4 had been heated to 68°C for 15 min prior to addition had radioactivity associated exclusively with the Ado[methyl-3 H]Met marker (Fig. 1B) . No other radioactive peaks were identified in the products, consistent with a cap methyltransferase activity associated with purified VP4. To confirm that the product synthesized was indeed m 7 GpppG, an aliquot of m 7 GpppG fraction was digested with TAP, and the dephosphorylated products were subsequently analyzed by HPLC using similar conditions. Two peaks were identified, one comigrating with the position of the m 7 G marker and the other with m 7 GMP (Fig. 1C) .
VP4 Has Both Methyltransferase 1 and 2 Activities. When VP4 is expressed with the BTV core structural proteins VP7 and VP3 it is encapsidated in CLPs (23) . Thus, CLPs containing or lacking VP4 were purified and assayed for transferase activity. When analyzed by HPLC, the products of the reaction mixtures containing CLPs ϩ VP4 produced three peaks ( Fig.  2A) , whereas the products of the CLPs lacking VP4 contained only the methyl donor [ 3 H-CH 3 ]-AdoMet peak (Fig. 2B ). By comparison with the marker nucleotides, it was deduced that the second peak in Fig. 2 A corresponded to m 7 GpppGm (methylation of the 2Ј position of the guanosine ribose) with a smaller peak at the position of m 7 GpppG (Fig. 2 A) . These data suggest that VP4 has both 2Ј-O-methylation and 5Ј cap methylation activities.
To confirm the ability of CLPs ϩ VP4 to catalyze the guanosine 2Ј-O-methyltransferase activity, an unlabeled methylated cap analogue (m 7 GpppG) was provided as an alternative substrate in a reaction similar to the one described above. The products of this reaction gave only two labeled peaks corresponding to m 7 GpppGm and unincorporated [ 3 H-CH 3 ]-AdoMet (Fig. 3A) . CLPs without VP4 produced no m 7 GpppGm (Fig. 3B) . To determine whether VP4 alone was sufficient for the reaction, purified VP4 protein was incubated with m 7 GpppG and [ 3 H-CH 3 ]-AdoMet, and the reaction products were similarly analyzed. As was the case for the CLP ϩ VP4 reaction, two peaks were identified (Fig. 3C) , although the level of m 7 GpppGm produced was much lower compared with the reactions in which VP4 was present within a CLP. It was concluded that VP4 is responsible for both the 7-methyltransferase and the 2-O-methyltransferase activities (methyltransferase reactions 1 and 2) associated with BTV cores (18) .
GTP and AdoMet Form Capped Nucleotides in the Presence of VP4. To define further the capping process mediated by H]Met, and the products were analyzed by HPLC. When GDP or GMP was used, only one peak, corresponding to the unincorporated Ado[methyl-3 H]Met, was detected (not shown). In contrast, the products from reaction mixtures containing GTP and AdoMet gave two major peaks, one corresponding to AdoMet and the other to m 7 GpppG (Fig. 4A) . A minor peak was observed ahead of the m 7 GpppG products that coeluted with the marker for m 7 GpppGm, although confirmation of its identity was not possible because of the small amounts of material recovered.
The ability of CLPs ϩ VP4 to use GTP as the acceptor was assessed by incubation with [␣-32 P]GTP and AdoMet. The reaction products gave a major radioactive peak corresponding to m 7 GpppGm (Fig. 4B) . The results of this and previous experiments suggest that the ribose methylation is significantly enhanced when VP4 is present within CLPs. Because of the low levels of radioactivity, the minor peaks shown in Fig. 4B were not characterized further, although the peaks eluting in fractions 19-21 and fractions 25-27 most likely represent the products m Parallel reactions were performed with VP4 protein that had been heated to 68°C for 15 min prior to addition. After incubation for two hr at 30°C and proteinase K treatment, the reaction mix was extracted with phenol͞chloroform and precipitated with ethanol. Samples were analyzed by HPLC on a Beckman BioSys 510 system using a SAX 5 ion-exchange column. The products recovered from HPLC were dried and counted in the scintillation counter, and the radioactivity associated with each fraction is plotted. The positions of unincorporated AdoMet (SAM) and m 7 mRNA, a transcript of BTV segment 5 was prepared from cDNA by using T7 polymerase purified from unincorporated nucleotides, and used as a cap structure and methylation acceptor in the presence of GTP and VP4. The derived RNA products were recovered, and the cap structures were released from the 5Ј-end by digestion with nuclease P1 to recover GpppG from unmethylated capped mRNA, m 7 GpppG from cap 0 mRNAs, and m 7 GpppGm from cap 1 or cap 2 mRNAs. When the T7-produced transcripts were incubated with purified VP4 and [␣-32 P]GTP in the absence of AdoMet, 32 Plabeled products were recovered at the position of the GpppG marker (Fig. 5A) , indicating that mRNA transcripts are substrates for guanylylation by VP4. The transfer of radioactivity to segment 5 transcripts was also confirmed by polyacrylamide gel electrophoresis (Fig. 5D) . The lower level of RNA labeling observed with CLP ϩ VP4 as compared with purified VP4 (Fig. 5D) , despite previous indications that encapsidated VP4 is more efficient, doubtless reflects better access by the mRNA to the unencapsidated enzyme. When the nuclease P1-resistant products of the reaction mixtures, which also contained AdoMet, were analyzed, two major 32 P-labeled peaks were recovered at the positions of m 7 GpppGm and GpppG, with an additional minor peak of m 7 GpppG (Fig. 5B) . To confirm these data, reactions were repeated with unlabeled GTP and Ado[methyl-3 H]Met. A major peak containing tritium label was recovered at the position of m 7 GpppGm with a minor peak at m 7 GpppG (Fig. 5C ). These data suggest that full cap 1 formation activity can be induced by provision of an authentic substrate (mRNA) to purified VP4.
DISCUSSION
Cellular methyltransferase proteins typically appear to encode only a single activity (13) , whereas a number of viral methyltransferases, such as that encoded by vaccinia virus, have an additional enzymatic activity such as guanylyltransferase (25, 27) . The nsP1 proteins of Semliki Forest virus and Sindbis virus (both positive-strand RNA viruses) also encode both methyltransferase and guanylyltransferase activities (28, 29) . In vaccinia virus RNA triphosphatase, RNA guanylyltransferase and RNA guanine-7-methyltransferase are components of a capping enzyme complex containing two subunits of 95 kDa and 31 kDa (30). However, RNA 2-O-methyltransferase activity is mediated by an additional protein, VP39 (31) . In contrast to these viruses, BTV maximizes its coding capacity by having the minor core protein, VP4, catalyze all of the capping and methylation steps necessary, i.e., RNA triphosphatase, RNA guanylyltransferase, RNA guanine-7-methyltransferase, and RNA 2-O-methyltransferase activity.
When GpppG was incubated with purified VP4 and Ado[methyl-3 H]Met, most of the radioactivity was transferred to GpppG, yielding m 7 GpppG, thereby demonstrating that VP4 is responsible for methyltransferase activity. When m 7 GpppG was used as substrate, the completed cap structure (i.e., m 7 GpppGm) was also detectable in the reaction. In contrast, a fully modified 5Ј-terminal structure was the major labeled product when GpppG was incubated with VP4 encapsidated in CLPs. The data presented, together with our failure to detect any GpppGm in the reaction products, indicate that the methyltransferase reactions involved in type 1 cap formation are sequential. The methyl transfer to 7-guanine appears to occur first, providing a m GpppGm. The second methylation activity appeared to be limited when VP4 was used alone, indicating that VP4 may adopt a conformation that is more favorable for the complete reaction when encapsidated within a CLP, perhaps as a result of association with VP3 inside the subcore layer.
The fact that VP4 in solution has the capability to produce the complete cap structure was confirmed by subsequent experiments using authentic BTV transcripts. As expected, when purified VP4 protein was incubated with [␣-32 P]GTP, RNA, and AdoMet, the full cap structure, i.e., m 7 GpppGm, was produced at the 5Ј terminus of the RNA, although intermediate products GpppG and m 7 GpppG were also detected. The production of the m 7 GpppGm cap 1 structure is evidently the final modification step. These data generally agree with those of Martin and Moss (16) , who examined cap formation by vaccinia viral cores. Vaccinia virus cores, however, did not produce blocked 5Ј termini as a result of the inhibitory effect of inorganic pyrophosphate on the guanylyltransferase reaction. BTV VP4 protein, however, in the presence of [␣-32 P]GTP, produced RNA with the blocked terminal structure G(5Ј)pppG. This is consistent with the previous observation that VP4 protein has inorganic pyrophosphatase activity (26) .
Generally, capping is considered to be a posttranscriptional modification of mRNA. But the data from these studies suggest that, in addition to the capping of existing RNA molecules, VP4 can also condense GTP to form a capped dinucleotide, thereby confirming its guanylyltransferase activity. This provides an alternative mechanism for capping mRNA (which the formation of GpppG from GTP may precede) or for coupling to the initiation of mRNA synthesis. Such a scenario would be consistent with BTV biology, in which transcription and RNA modification occur in a transcriptionally active core from which only mature capped mRNAs emerge. In addition, VP4 provides an exciting model protein in which all of the capping functions are combined and from which there is much to learn through further biochemical and structural analysis.
